Highly selective production of ethylene via continuous oxidative dehydrogenation of ethane has been established in the oxygen conductive (Dy 2 O 3 /MgO)-(Li-K)Cl composite membrane reactor. The disk-shape membrane was fabricated by pellet-pressing and characterised in terms of nitrogen physisorption, XRD and SEM. Specific surface area and pore volume decreases with increasing chlorides content with invariable values ≥10.6% chlorides content.
Introduction
Ethylene is a critical commodity chemical, used as building block for the manufacture of plastics, detergents, surfactants and automotive antifreeze [1] . The worldwide production currently reaches over 150 million tonnes/year with an increasing demand forecast in the near future [2] . Industrial production of ethylene draws on (endothermic) steam cracking of ethane, naphtha and/or heavier hydrocarbons at temperature > 1050 K. High energy demand, low selectivity (70-80%) to ethylene and loss of valuable feedstock from coke formation are decided drawbacks that drive for the search of more efficient routes to ethylene [3] . Oxidative dehydrogenation of ethane represents an alternative to ethylene production. This reaction has been studied in a continuous flow fixed bed reactor using perovskite-type oxides (e.g., La 1-x Sr x FeO 3-δ X δ [4] , YBa 2 Cu 3 O 7-δ X δ [5] , La 1.85 Sr 0.15 CuO 4-δ X δ [6] (X = F, Cl)) at high temperature (T = 873-973 K) and (e.g., Al 2 O 3 , TiO 2 , ZrO 2 , MgO and MCM-41) supported metal oxides (vanadium oxide [7] [8] [9] [10] [11] , molybdenum oxide [12] [13] [14] [15] , nickel oxide [16] [17] [18] and chromium oxides [19] ) at medium temperature (T = 673-873 K). Selective conversion of ethane to ethylene (up to 80% selectivity) was achieved over YBa 2 Cu 3 O 7-δ F δ [5] and V 2 O 5 /ZrO 2 [20] .
Elevated selectivity (80-90%) has been reported for reaction over unsupported mixed metal oxides (MoVSb oxide [21] [21] , MoVTeNb oxide [22] [23] [24] , Ni-M−O (M = Ta [3] , Nb [25] , Ti [26] , W [27] , Sn [28] )) at low temperature (T = 523-673 K). Supported alkali chloride catalysts have been demonstrated to deliver a high olefin selectivity in the oxidative dehydrogenation of ethane. Lercher et al. [29, 30] has recorded up to 95% selectivity to ethylene over (MgO-Dy 2 O 3 ) supported mixed molten alkali chlorides (LiCl-KCl) using a plug flow reactor (T = 898 K, P(O 2 )=P(C 2 H 6 )=70mbar). But a discontinuous process suffers drawbacks in terms of production efficiency relative to continuous mode. In addition, use of pure oxygen or enriched oxygen increases process cost and coexistence of ethane and oxygen leads to undesired combustion reactions.
Oxygen-permeable membrane reactors serve to separate/transport oxygen which can circumvent use of pure oxygen as feedstock and direct contact of ethane with oxygen [31] . A search through literature found 80% selectivity to ethylene recorded for reaction (T = 1148 K) using Bi 1.5 Y 0.3 Sm 0.2 O 3 ceramic tubular membrane reactor [32] and up to 90% selectivity (at 0.03-0.23 conversion) reported for reaction using Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3-δ perovskite-type oxide membrane reactor (T = 923 K) [33] . It has been reported that chlorides doped ceria composite as electrolyte in fuel cell exhibit high oxygen ionic conductivity (≥698 K) where the molten chlorides and the chlorides-ceria interface can serve as conduction paths for oxygen ions [34] . Alkali chlorides (LiCl-KCl) on Dy 2 O 3 /MgO have been shown to activate/dissociate oxygen at the chlorides-solid interphase that can diffuse through the interface to the surface [35] . This implies this material is capable of transporting oxygen and could be used as oxygen-permeable membrane material. A search through the literature did not produce any reported application of Dy 2 O 3 /MgO-alkali chlorides composite membrane in the oxidative dehydrogenation of ethane for continuous production of ethylene. In this study, we examine oxygen permeability of (Dy 2 O 3 /MgO)-(Li-K)Cl composite membrane and catalytic action in the oxidative dehydrogenation of ethane.
Experimental

Materials and membrane preparation
MgO was prepared by precipitation of magnesium nitrate hexahydrate (Alfa Aesar, 98%) with ammonium oxalate (ACROS Organics, 99.5%). Aqueous Mg(NO 3 ) 2 and ammonium oxalate (1.2 fold excess) was delivered separately via teflon line using peristaltic pump to 50 cm 3 water. The suspension was stirred (600 rpm) at ambient temperature overnight to ensure complete precipitation. The solid obtained was separated by filtration, washed with distilled water and dried at 393 K overnight. The dried sample was calcined in air at 973 K 
Characterisation
Nitrogen physisorption was performed on the Micromeritics ASAP 2020 system and total specific surface area (SSA) calculated using the standard BET method with cumulative pore volume obtained from BJH desorption. Prior to analysis, samples were vacuumed and outgassed at 573 K for 1 h. X-ray diffractograms (XRD) were recorded on a Bruker D5005 X-ray diffractometer using Cu Kα radiation. Samples were scanned at 0.02° step−1 over the range 20° ≤ 2θ ≤ 80° at ambient temperature and the diffractograms identified against the JCPDS-ICDD reference standards. The surface morphology and porosity of the disk-shape membrane was examined by a field emission scanning electron microscopy (SEM, Zeiss SUPRA 55-VP) at an acceleration voltage of 10 kV.
Thermodynamic analysis
Thermodynamic analysis for the gas-phase dehydrogenation of ethane was conducted using the Gibbs energy minimization method. The total Gibbs free energy function can be described:
where y i is the mole fraction of species i, and Φ i is the fugacity coefficient of species i. The calculation procedure is based on the Lagrange's undetermined multiplier method and subject to constrains of material balance. The minimum Gibbs free energy of each gaseous species can be expressed as the following equations.
The species considered for the oxidative dehydrogenation of ethane include C 2 H 6 , O 2 , C 2 H 4 , ) was defined as reported elsewhere [36] and given below:
where F(O 2 ) and F(N 2 ) refers to molar flow rate of oxygen and nitrogen measured in the gas on the sweep side; A is effective permeation area (cm 2 (6) and product j selectivity (S j ) was defined by:
Yield to ethylene (Y(C 2 H 4 )) was calculated using:
where subscripts "in" and "out" refer to the inlet and outlet gas streams, respectively.
Repeated reactions delivered data reproducibility and carbon balance within 5%.
Material characterisation
Variation of SSA and pore volume with chlorides content is shown in Fig. 2 corresponding to KCl (2 0 0), (2 2 0), (2 2 2), (4 0 0), (4 2 0) and (4 2 2) were observed with stronger signals at higher loadings. But there was still no detectable peak due to LiCl, which can be linked to a loss of Li during calcination at high temperature (973 K) and/or formation of hydrate LiCl at ambient temperature due to strongly hygroscopic properties of LiCl [38] .
We can note in-situ XRD analysis of LiKCl/Dy 2 O 3 -MgO at 100-300 °C revealed diffraction peak at 2θ = 30° due to LiCl, confirming the presence of LiCl, as reported by Gartner et al. [29] . Surface density and morphology of the disk membrane is critical in determining oxygen diffusion/transport and reactant adsorption/activation, which in turn can impact on the oxidative dehydrogenation [31] . Representative SEM images of the 10.6% LiKCl/Dy 2 O 3 -MgO sintered disk-shape membrane is shown in Fig. 4 . There was no pinhole, crack or Dy 2 O 3 -MgO crystal grains observed on the membrane surface (Fig. 4(A) ). This suggests the disk membrane was highly dense. A number of micro-scale KCl and/or LiCl particles in irregular shape were exposed on the membrane surface (Fig. 4(B) ). Gärtner et al. studying oxidative dehydrogenation of ethane over supported chlorides catalysts (T = 898 K), proposed that chlorides were molten generating a molten chlorides-gas phase interface where surface reaction occurred [29] .
Catalysis results
The oxidative dehydrogenation of ethane in membrane reactor requires a membrane that can transport oxygen to the reaction compartment. We first investigate oxygen permeability as a function of temperature using the 10.6% ( hydrogen was generated at high temperature (≥923 K). Up to 98% selectivity to ethylene was achieved (at T = 923-948 K), higher than that recorded in the continuous fixed bed reaction under similar conversions ( Fig. 7(A) ). This represents a significant result for continuous production of ethylene in the light of 80%-93% selectivity reported for the fixed bed reaction over oxide catalysts in the existing literature [1, 41] . This value is also higher than that (90-95% selectivity) reported over supported chlorides catalyst in the plug flow reaction [29, 30] .
The enhanced selectivity can be linked to relatively lower contact time for membrane reactor and separation of oxygen from ethane in the feeding that decreased combustion of ethane to by-products (see Table 1 ) [31] . Ethylene selectivity increased (91.5% → 98.3%) with increasing temperature (873 → 923 K) with a slight decrease (to 96.9%) at elevated temperature (923 → 973 K). This is in agreement with that observed in the fixed bed reaction over LiCl/MgO [42] . Arrhenius plot using ethylene formation rate (Fig. 7(B) ) for reaction over the 10.6% chlorides loaded membrane delivered an apparent activation energy (127 kJ mol ) reported for the plug flow reaction over (Dy 2 O 3 /MgO) supported chlorides catalyst [29] .
Chlorides content can impact on the amount of active species and ethane conversion. Ethylene selectivity and specific formation rate as a function of chlorides content in the temperature range of 898-948 K is presented in Fig. 8 . Dy 2 O 3 /MgO exhibited lowest selectivity to ethylene, consistent with that reported for the reaction over earth metal oxides [43] . This can be linked to non-selective sites on Dy 2 O 3 -MgO that promotes formation of alkyl radicals which is facile to be fully oxidised at the oxide surface [44] and/or in the gas phase [43] .
Addition of a small amount of chlorides (3.4%) to Dy 2 O 3 /MgO enhanced ethylene selectivity, indicative of promotional effect of alkali chlorides on selective conversion of ethane to ethylene. This can be attributed to a coverage of non-selective sties by chlorides. In addition, there is evidence showing oxygen ions in the form of hypochlorite (O-Cl) species can react with alkane to selectively produce alkene [41] . A further increase in chlorides content To probe the reaction pathway, reaction of ethylene as feedstock was conducted (at 923 K) using the 10.6% (Li-K)Cl/(Dy 2 O 3 /MgO) membrane. The reaction rate was lower than that recorded in the ethane oxidative dehydrogenation (Table 2) , suggesting ethane oxidative dehydrogenation is faster than the ethylene reaction. The reaction generated CO x (CO and CO 2 ) as principal products (selectivity = 90.2%), ethane and methane as secondary products.
The ratio of CO 2 /CO is similar to that observed in the ethane reaction. This suggests formation of CO x can proceed via a consecutive (C 2 H 6 → C 2 H 4 → CO x ) and/or parallel (CO x ← C 2 H 6 → C 2 H 4 → CO x ) mechanism. Argyle et al. [46] = 33%). We considered the possibility of increasing contact time as a means of enhancing ethylene yield. Ethylene yield was enhanced (to 52%) with lowering Ar flow rate and ethane feeding rate (Table 3) . Increasing temperature served to enhance catalytic activity in the oxidative dehydrogenation of ethane as observed in Fig. 5 . An increase in temperature (to 1048 K) resulted in higher fractional conversion (to 0.93). However, ethylene selectivity was decreased due to large amounts of CO 2 and CH 4 formation. Ethylene yield was increased (to 64%) with increasing temperature to 1023 K, but decreased (to 62%) at higher temperature (1048 K). Oxygen content in the feed can influence surface reactive species and activity/selectivity [26] . An increase in oxygen feeding concentration in the permeation side increased ethane conversion, but lowered ethylene selectivity and ethylene yield due to enhanced combustion of ethane to carbon dioxide. This is consistent with Zhu's report [3] 
